Abstract C57BL/6 J (B6) and CAST/EiJ (CAST), the inbred strain derived from M. musculus castaneus, differ in nutrient intake behaviors, including dietary fat and carbohydrate consumption in a two-diet-choice paradigm. Significant quantitative trait loci (QTLs) for carbohydrate (Mnic1) and total energy intake (Kcal2) are present between these strains on chromosome (Chr) 17. Here we report the refinement of the Chr 17 QTL in a subcongenic strain of the B6.CASTD17Mit19-D17Mit91 congenic mice described previously. This new subcongenic strain possesses CAST Chr 17 donor alleles from 4.8 to 45.4 Mb on a B6 background. Similar to CAST, the subcongenic mice exhibit increased carbohydrate and total calorie intake per body weight, while fat intake remains equivalent. Unexpectedly, this CAST genomic segment also confers two new physical activity phenotypes: 22% higher spontaneous physical activity levels and significantly increased voluntary wheel-running activity compared with the parental B6 strain. Overall, these data suggest that gene(s) involved in carbohydrate preference and increased physical activity are contained within the proximal region of Chr 17. Intervalspecific microarray analysis in hypothalamus and skeletal muscle revealed differentially expressed genes within the subcongenic region, including neuropeptide W (Npw); glyoxalase I (Glo1); cytochrome P450, family 4, subfamily f, polypeptide 1 (Cyp4f15); phospholipase A2, group VII (Pla2g7); and phosphodiesterase 9a (Pde9a). This subcongenic strain offers a unique model for dissecting the contributions and possible interactions among genes controlling food intake and physical activity, key components of energy balance.
Introduction
The heritability of food preferences in rodents and humans has been recognized for more than a decade (Faith et al. 1999; Rankinen and Bouchard 2006; Reed et al. 1997 ). Strong evidence is accumulating that genetic factors are involved in determining individual differences in nutrient intake traits, particularly with regard to fat and carbohydrates. In humans using dietary recall, genome-wide linkage scans of energy and macronutrient intakes have identified several chromosomal loci associated with dietary energy and macronutrient intakes (Cai et al. 2004 (Cai et al. , 2006 Choquette et al. 2008; Collaku et al. 2004 ). However, identifying causative genes in these regions in humans is challenging because power calculations would suggest the need for very large sample sizes (Wareham et al. 2008) . Laboratory animals are more amenable for genetic mapping of complex traits because two strains that differ in the trait of interest can be mated to produce F2 intercross or N2 backcross progeny. In such mapping populations, statistically significant associations between phenotype and genotype point to chromosomal locations of genes influencing the trait.
Our laboratory has characterized the natural variation that occurs in macronutrient diet selection in mouse inbred strains (Smith et al. 2000) . Based on these results, two phenotypically divergent strains were chosen as a genetic model. Quantitative trait loci (QTL) mapping, performed in a C57BL/6J (B6) x CAST/Ei (CAST) intercross population (F2), identified significant QTL for nutrient intake (Smith Richards et al. 2002) . We found QTLs for the macronutrient intake of carbohydrate (Mnic1-3) (Chrs 6, 17, and X), all conferred by the CAST allele. With respect to fat intake (Mnif1-3), the B6 allele was responsible for two QTLs on Chrs 8 and X, and the CAST allele determined a locus on Chr 18. Total kcal (Kcal1-2) (Chrs 2, 17 and 18) (Smith Richards et al. 2002) , and total food volume (Tfv1) (Chr 17) were linked to the CAST allele with the exception of Kcal3 (B6). These QTLs provide strong evidence for multiple genetic controls on macronutrient-specific and total calorie intake.
Once a trait has been located in a chromosomal subregion, congenic mouse strains can be used to isolate and confirm the QTL, as shown for nutrient intake (Kumar et al. 2007a, b) , bone density (Delahunty et al. 2006) , growth, body weight, and fatness (Farber and Medrano, 2007; Jerez-Timaure et al. 2005; Warden et al. 2004 ), pain phenotypes (Raber et al. 2006) , and diabetes (Leiter et al. 2006) , to name just a few. The current study focused on a region of mouse Chr 17 encompassing QTLs for increased carbohydrate and total energy intake. Thus, we constructed a congenic mouse strain B6.CAST-
D17Mit19-D17Mit91
(B6.CAST-17) by introgressing M. musculus castaneus (CAST/Ei) alleles in the B6 background (Kumar et al. 2007a, b) . This congenic strain captured the overlapping chromosome 17 QTLs for macronutrient intake-carbohydrate 1 (Mnic1), kilocalorie intake 2 (Kcal2) (Smith Richards et al. 2002) , and total food volume 1 (Tfv1) . These QTLs were then verified by phenotypic studies showing that the original B6.CAST-17 congenic mice consumed 27% more carbohydrate, 17% more total calories, and 22% higher food volume per body weight (Kumar et al. 2007a, b) compared with littermate, wild-type B6 controls. The equivalent fat intake between the homozygous congenic and the B6 mice underscores the nutrient-specific effects of this genetic locus. The B6.CAST-17 congenic segment spans approximately 60.3 Mb and contains an estimated 1138 genes (NCBI build 36.1).
To narrow this nutrient intake QTL and to identify candidate genes, we constructed a subcongenic strain having a 40.1-Mb interval. This strain retained the nutrient intake traits of the original congenic strain and also revealed a cosegregating physical activity phenotype (Kumar et al. 2007a, b) . We hypothesized that expression profiling would reveal candidate genes causally related to the increased consumption of carbohydrate and total calories as well as to increased physical activity. Thus, microarray analyses were performed to compare gene expression between the B6.CAST-17.1 subcongenic and B6 strains in hypothalamus and skeletal muscle. The hypothalamus was selected because it is important in the regulation of metabolic and behavioral feeding phenotypes. Skeletal muscle was selected for its role in physical activity endurance and in determining energy balance by communicating with the brain through neural connections, hormones, or metabolites (Berthoud and Lenard 2008) .
Materials and methods

Mouse strain development
All protocols for animal housing and experimental use were approved by the PBRC Institutional Animal Care and Use Committee. The original B6.CAST-
D17Mit19-D17Mit91
(B6.CAST-17) congenic has been described previously (Kumar et al. 2007a (Kumar et al. , b, 2008 . The new subcongenic line reported here, B6.CASTD17Mit19-D17Mit50 , was generated by back-crossing the original congenic with the B6 strain to yield F1 heterozygous mice. F1 mice were then intercrossed to generate F2 mice that were genotyped using published microsatellite markers. Mice with appropriate recombinant regions were bred to homozygosity. The three genotypes for the subcongenic region were designated as homozygous subcongenic (HOMO), heterozygous subcongenic (HET), and wild-type B6 (WT). WT mice of the B6 parental strain were littermate controls derived from the (B6 9 B6.CAST-17.1)F2 mice. The use of littermate controls to test the phenotypic effect of a congenic segment is extremely important for overcoming the problems of background heterogeneity as well as the effects of litter or other environmental variables.
Genotyping
Genomic DNA was isolated from mouse tail clippings using NaOH/Tris or phenol/chloroform extraction. Mice were genotyped using simple sequence length polymorphism (SSLP) markers (Integrated DNA Technologies, Coralville, IA). PCR products were separated using 4% NuSieve (BioWhittaker Molecular Applications, Rockland, ME) gel electrophoresis and visualized with ethidium bromide.
Nutrient intake
We determined macronutrient diet selection as previously described (Smith Richards et al. 2002) . At 5-6 weeks of age, male mice were weighed and singly housed in polycarbonate cages until body weight returned to baseline. At 8 weeks of age, mice were transferred to individual housing in stainless-steel hanging cages with wire mesh floors and polyvinylchloride nesting tubes to reduce time spent on wire flooring. After 7-10 days of adaptation to these new housing conditions, animals were provided for 10 days with a choice between two diet mixtures: fat/protein (F/P; vegetable shortening and casein) or carbohydrate/protein (C/P; corn starch, powdered sugar, and casein). The protein composition of both diets was equivalent (22% of energy) and the balance of calories for each was contributed by fat or carbohydrate (78%). Both diets were supplemented with vitamins, minerals, and cellulose. Food intake, including all spillage, was measured daily. At the end of the choice macronutrient diet study, mice were fed chow for 2 weeks and then placed in the metabolic chambers.
Body composition
Body composition was measured immediately before and after the 10-day-diet selection study (see below) by nuclear magnetic resonance (NMR) using a Bruker Mice Minispec NMR analyzer (Bruker Optics, Inc., Billerica, MA). Lean mass and liquid mass were summed to produce the variable fat-free mass (FFM) used for analysis.
Indirect calorimetry and physical activity
Indirect calorimetry and spontaneous physical activity were measured using the Comprehensive Laboratory Animal Monitoring System (CLAMS; Columbus Instruments, Columbus, OH). At 12-14 weeks of age, mice were housed individually in the Oxymax calorimeter chambers at 25°C, with a 12:12-h light-dark cycle and ad libitum access to rodent chow and tap water. Animals were acclimated to the metabolic cages for 2 days prior to 5 days of data collection. Oxygen consumption (VO 2 ), carbon dioxide respiration (VCO 2 ), and respiratory exchange ratio (RER) were measured by indirect calorimetry with an air flow of 0.6 L/min. Energy expenditure (kJ/h) was calculated using the formula: VO 2 (VO 2 9 [3.815 ? (1.232 9 RER)] 9 4.1868) (Albarado et al. 2004) . Percent relative cumulative frequency (PRCF) curves were calculated for energy expenditure (Riachi et al. 2004 ). The analysis of PRCF curves is a method that facilitates the group comparisons and interpretation of a range of indirect calorimetry values contained in large data sets. As such, PRCF provides a tool for visualizing small differences between groups in the number of data points collected. A difference in energy expenditure (EE) across the diurnal period would appear as a parallel shift of the S-shaped cumulative frequency curve. General physical activity was determined using an infrared beam-operated sensor system that detected x-and z-axis activity. This system measures both total counts (every time a beam is broken) and ambulatory counts (every time a new beam is broken). An X-total (X-TOT) count is registered when the animal moves horizontally more than 0.5 in. and is representative of small-scale, repetitive activities such as scratching and grooming. The X-ambulatory count (X-AMB) measures actual locomotion by registering a count only when the animal breaks a new beam. A Z-total (Z-TOT) count is registered when 1.5 in. of vertical movement occurs, i.e., rearing.
Wheel-running activity
Voluntary wheel-running activity was recorded with an automated running wheel system (MiniMitter, Sunriver, OR). Mice were allowed free access to the wheel 24 h/day. At 9-11 weeks of age, sib-mated B6.CAST-17.1 subcongenic and wild-type B6 mice were habituated to the wheel cages for 3 weeks before the data collection period, which lasted approximately 2 weeks. A review of the literature indicates that habituation to wheel running by rodents can range up to 21 days because animals require learning or practice to establish a stable pattern (Sherwin 1998) . The cages (16 cm 9 31 cm) were fitted with an anodized aluminum wheel (diameter = 23 cm, 0.7225 m/revolution) and a magnetic sensor to measure activity. Total wheel revolutions were saved to a data file every 60 s using the Vital View Data Acquisition System. Total daily distance (km), total time spent running (min), and peak speed (maximum revolutions per min) were analyzed using Microsoft Excel (Microsoft Corp., Redmond, WA). Average daily running speed (m/min) was calculated by dividing distance by duration.
RNA isolation and cDNA synthesis cDNA was synthesized from 1 lg of RNA using superscript II reverse transcriptase (Invitrogen, Carlsbad, CA) and used for reverse transcriptase qPCR.
Microarray: experimental design and analysis
Chow-fed mice were food deprived at 1300 h (during the light period) and euthanized 4 h later. Genome-wide gene expression in two tissues was compared between B6.CAST-17.1 homozygous subcongenic mice and littermate B6 mice. The gastrocnemius muscle was dissected from the carcass, cleaned of fat, quickly frozen in liquid nitrogen, and later stored at -80°C. The hypothalamus was carefully lifted from the base of the brain using the curved edge of inverted forceps, based on visual landmarks. Individual RNA samples (3 per strain per tissue) were labeled and hybridized according to the manufacturer's protocol. Thus, three biological replicates were analyzed for each strain. Total RNA was isolated from hypothalamus and skeletal muscle using TRIzol (TRI reagent, Invitrogen), and the quality was determined using an Agilent Bioanalyzer 2100 (Agilent Technologies, Palo Alto, CA). RNA (1 lg) was transcribed to DIG-labeled cRNA using an Applied Biosystems Chemiluminescent RT-IVT Kit v2.0 (Applied Biosystems, Foster City, CA). Microarray hybridization (using 10 lg of fragmented DIG-labeled cRNA), processing, chemiluminescence detection, imaging, auto-gridding, and image analysis were performed according to Applied Biosystems protocols using the 1700 Chemiluminescent Microarray Analyzer software v. 1.0.3. The Applied Biosystems Mouse Genome Survey Microarray, which contains approximately 34,000 features including a set of about 1000 controls, was used. Each microarray uses 32,996 probes targeted to 32,381 curated genes representing 44,498 transcripts. The Applied Biosystems Expression System software was used to extract assay signal and signal-to-noise ratio values from the images. Signal intensities across microarrays were normalized using the quantile-quantile method based on Rscript (Bolstad et al. 2003 ; http://www.bioconductor.org). Features with a signal/noise value of 3.0 or greater and a quality flag value of less than 5000 were considered ''detected'' and subjected to analysis. The transformed data were analyzed by ANOVA using Spotfire DecisionSite software v16.0 (Spotfire, Somerville, MA). Differential expression was defined as a fold change of 1.5 or greater and P B 0.05. A signal transduction gene of interest (phosphodiesterase 9a), with borderline significance (P = 0.053), was subsequently validated in qPCR. These data were submitted to the NCBI Gene Expression Omnibus (GSE10517).
Reverse transcriptase quantitative PCR (RT-qPCR)
RT-qPCR reactions were carried out using TaqMan Ò and SYBR Ò Green detection methods (Applied Biosystems, Foster City, CA). The primers and probes used for qPCR were designed to amplify regions that exclude any known expressed sequence single nucleotide polymorphisms (SNPs). qPCR was performed in an ABI Prism 7900HT sequence detection system using SYBR Ò Green and genespecific primers. Relative mRNA levels were determined in duplicate samples using a standard curve generated by a pool of RNA samples and normalized to cyclophilin.
Statistics
The effect of genotype on nutrient intake, metabolic parameters, and physical activity was determined by analysis of variance (ANOVA). Wheel data, expressed as counts by day, were analyzed by ANOVA with repeated measures using a mixed model with genotype as the between-group factor and day as the within-group factor. When a main effect was observed, individual comparisons were evaluated using Tukey's protected t test.
Results
Construction of the B6.CAST-17.1 subcongenic strain Figure 1 illustrates the CAST/Ei donor region introgressed in the original congenic and subcongenic lines. Fine mapping has determined that the minimum subcongenic segment, with known CAST genotype, extends from proximal marker D17Mit19 at 4.8 Mb to distal marker D17Mit50 at 45.4 Mb. The flanking interval proximal to D17Mit19 is uncharacterized. The external distal marker is D17Mit107 (B6), and the small interval between D17Mit50 and D17Mit107 is of unknown genotype. Thus, we have reduced the Chr 17 QTL/CAST congenic segment from a 60.3-Mb region (estimated to include *1134 genes) to an approximately 40.6-Mb region (*854 genes).
Body weight and body composition
Baseline body weights of 8-week-old homozygous B6 and B6.CAST-17.1 subcongenic mice were similar at the beginning of the 10-day phenotyping period (Table 1) . Body composition (Table 2 ) was similar in the B6.CAST-17.1 homozygous congenic mice and the wild-type B6 Fig. 1 Chromosome 17 and the position of the B6.CAST-17.0 (original congenic) and B6.CAST-17.1 subcongenic intervals responsible for increased carbohydrate and total energy intake and increased physical activity. The BC-17.1 subcongenic strain carries 40.6 Mb of CAST donor DNA on proximal Chr 17 in a B6 background. The donor segment extends from D17Mit19 at 4.8 Mb to D17Mit50 at 45.4 Mb. The external distal marker is D17Mit107 (B6). Based on phenotypic analyses, the gene(s) responsible for the QTL lies between 4,804,477 and 45,496,289 bp on the physical map of mouse Chr 17, containing an estimated 869 genes (NCBI build 36.1). The grayshaded areas represent yet undefined regions of CAST-or B6-derived genomic DNA. FI food intake; BW body weight; SPA spontaneous physical activity mice 1 day before and immediately after 10-day access to the macronutrient selection diet.
Macronutrient diet selection
The cumulative calorie intake over 10 days, adjusted for body weight, was HOMO [ HET = WT (Table 1) . Specifically, the homozygous B6.CAST-17 strain consumed, per body weight, 9% more total calories and 30% more carbohydrate/protein calories when compared with wildtype B6 mice. A robust phenotypic effect of the donor segment to increase carbohydrate intake, compared with wild-type B6, was evident in both the congenic (27%) (Kumar et al. 2007a, b) and subcongenic (30%) mice. By contrast, total kcal intake per body weight was slightly lower in subcongenic mice (9%) compared with that in the original congenic strain (17%), suggesting that one or more genes in the original segment are responsible for altering nutrient intake or metabolism through gene-gene interactions. The lack of a genotype effect on fat/protein (F/P) intake emphasizes the nutrient-specific effects of this genetic locus. Overall, there were significant effects of genotype, with body weight as covariate, on carbohydrate/ protein (C/P) kcal [F(2, 42) = 5.35, P \ 0.01], total kcal [F(2, 42) = 4.56, P \ 0.05], and total g intake [F(2, 42) = 7.29, P \ 0.005] but not on F/P kcal [F(2, 42) = 1.45, P = 0.24].
Indirect calorimetry
On a standard chow diet, B6.CAST-17.1 subcongenic mice showed no difference across the 24-h period in their EE [F (1, 28) = 1.18, P = 0.29] (Fig. 2a) or in differential utilization of carbohydrates or fats, as indicated by the RER [F(1, 28) = 0.90, P = 0.35] (Fig. 2c) compared to wildtype B6 mice. A comparison of the PRCF curves for EE revealed increased EE values in B6.CAST-17.1 mice compared with B6 mice (Fig. 2b) . Specifically, the S-shaped cumulative frequency curve was shifted slightly to the right during their active period, represented by the upper portion of the curve (REE ? EE), compared with their inactive period, illustrated by the lower end of the curve (REE). This finding is consistent with the higher physical activity of B6.CAST-17.1 mice during the dark period, thus reflecting the difference in activity-induced EE.
Spontaneous locomotor activity
The B6.CAST-17.1 subcongenic mice exhibited significantly increased spontaneous locomotor activity as measured by X-TOT counts during the light (subcongenic, 9783 ± 802 counts; wild-type B6, 7385 ± 610 counts; P \ 0.05) and dark (subcongenic, 31,961 ± 2658 counts; wild-type B6, 25,066 ± 1862 counts; P \ 0.05) periods. Subcongenic mice also displayed significantly higher X-AMB counts during the light (subcongenic, 4661 ± 395 counts; wild-type B6, 3604 ± 233 counts; P \ 0.05) and dark (subcongenic, 19,764 ± 2262 counts; wild-type B6, 14,933 ± 954 counts; P \ 0.05) periods (Fig. 3) . No genotype effects on rearing activity (Z-TOT) were observed. Total food volume (g) per 20 g BW 23.5 ± 0.8a 21.7 ± 0.6ab 20.0 ± 0.6b
Ten-day sums of food kcal consumed from a choice between the carbohydrate/protein (C/P) and fat/protein (F/P) diets. Genotype of subcongenic donor region
Values without common letters are significantly different at P \ 0.05 (total kcal) or P \ 0.01 (C/P kcal and total food volume)
HOMO homozygous CAST; HET heterozygous CAST; WT wild-type B6; BW body weight Effects of subcongenic genotype on body composition in mice at baseline and after 10-day access to two-choice macronutrient diet HOMO homozygous CAST donor region; WT wild-type B6 Fig. 2 (Fig. 4a) . No differences were found between strains in daily running speed [F(1, 17.8) = 3.66, P = 0.07] or peak speed per minute [F(1, 17.9 = 0.99, P = 0.33] (data not shown). The subcongenic mice ran farther than controls during the dark period (P \ 0.05) but not during the light period (P = 0.28) (Fig. 4b) . The average daily distance run by B6 mice in our study was similar to that in the study of Harri et al. (1999) who reported that B6 mice ran approximately 5 km/day. There was no difference in baseline body weight between strains at week 0 (P = 0.27), but by weeks 4 and 5 of wheel running, the subcongenic mice weighed significantly less than controls (P \ 0.05) (Fig. 4c ). This observation suggests that our subcongenic mice, fed a standard chow diet, were unable to adequately compensate for the increased energy cost of running, despite the fact that they eat more calories per body weight under nonrunning conditions, e.g., in the macronutrient diet selection paradigm.
Identification of deregulated genes in chow-fed B6.CAST-17.1 mice
In hypothalamus, of 481 expressed genes within the QTL interval, only 35 were deregulated; specifically, mRNA abundance in the subcongenic strains was decreased in 19 and increased in 16 genes (Table 3) . The most compelling candidate gene is Npw (neuropeptide W), a ligand for the former orphan receptor GPR7 and part of a neuropeptide system thought to have a role in regulating feeding behavior, energy homeostasis, and neuroendocrine function. Other gene candidates include Glo1, part of the enzymatic defense against glycation, and Cyp4f15, a cytochrome P450 enzyme with leukotriene B4 omegahydroxylase activity. In skeletal muscle, of 375 expressed genes within the QTL interval, 10 showed decreased expression in congenic mice and 26 were upregulated compared to WT littermates (Table 4) .
Quantitative reverse transcriptase PCR (qRT-PCR)
As confirmation of the microarray results, we showed that mRNA levels of Npw and Glo1 were significantly increased and those of Pla2g7 and Pde9a were significantly decreased in B6.CAST-17.1 homozygous congenic mice compared with homozygous B6 (Table 5 ). However, Cyp4f15 was regulated in the opposite direction when measured by qPCR. The increased expression of Acat2 and Ppard in congenic mice in qPCR did not reach the criterion for statistical significance. Also, the deregulation of Agpat1 in the current microarray analysis of chow-fed mice was not validated by qPCR. This result is consistent with our previous finding that Agpat1 expression in the hypothalamus was significantly decreased after 24 h of macronutrient diet self-selection but was unaltered on chow diet (Kumar and Smith Richards 2008) , suggesting a gene-diet interaction.
Sequencing of positional candidate gene Ppard
Peroxisome proliferator-activated receptor-delta (Ppard), located in the peak of the QTL region, showed a small but significant increase in gene expression in the microarray experiment. Furthermore, fatty acid synthase (Fasn) on Chr 11, a target gene of Ppard in skeletal muscle, was upregulated by 2.2-fold in subcongenic mice. These results, along with the known effects of Ppard on fuel metabolism during lights-on (0700) and lights off (1900) periods. c Average body weight measured twice per week throughout the experiment, including the habituation to wheel running. *P \ 0.05. n = 6 mice per genotype in skeletal muscle, led us to investigate the candidacy of this gene. Therefore, we sequenced the full-length coding region in a homozygous subcongenic mouse possessing CAST/Ei alleles at Ppard. A total of five coding SNPs were identified between the publicly available B6 and CAST sequences. None of these SNPs results in a missense mutation.
Discussion
In this study we used genetic strategies to narrow a nutrient intake QTL first identified in the B6. CASTD17Mit19-D17Mit91 (B6.CAST-17) congenic strain (Kumar et al. 2007a, b) . Thus, we reduced the original 60.3-Mb congenic interval to a 40.1-Mb region and showed Positive fold difference indicates increased expression, negative value indicates decreased expression in homozygous B6.CAST-17.1 mice. Genes were selected based on a significance level of P \ 0.05 and a 1.5-fold or greater change in expression, i.e., ratio of the normalized signal intensity for B6.CAST-17.1 to wild-type subcongenic mice that the B6.CAST-17.1 subcongenic strain retained the original, linked phenotypes of higher carbohydrate intake and higher calorie intake (Smith Richards et al. 2002 ). An important new finding emerged showing that this subcongenic strain possesses an activity phenotype, i.e., higher physical activity levels, in both spontaneous locomotion and voluntary wheel running, compared with the B6 strain. Because resting energy expenditure was not different between the homozygous subcongenic B6.CAST-17.1 mice and B6 mice, we propose that increased energy intake, specifically carbohydrate, supports their increased physical activity level. It is not known whether the original congenic strain B6.CAST-17.0 possesses an activity phenotype as it has not been tested. Notably, the subcongenic strain did not recapitulate the lower-body-weight phenotype observed in the original congenic (Kumar et al. 2007a , Positive fold change indicates increased expression, negative value indicates decreased expression in homozygous B6.CAST-17.1 mice. Genes were selected based on a significance level of P \ 0.05 and a 1.5-fold or greater change in expression, i.e., ratio of the normalized signal intensity for B6.CAST-17.1 to wild-type subcongenic mice b), suggesting that the region between D17Mit50 and D17Mit91 harbors a gene(s) affecting body weight. Chr 17 contains several adiposity and obesity QTLs mapped in this (Smith Richards et al. 2002) and other genetic crosses, including several that overlap our subcongenic donor region, i.e., Obq19 (Ishimori et al. 2004 ), Obwq4 (Stylianou et al. 2006 , and Adip18 (Stylianou et al. 2006 ). To our knowledge, however, there are no published reports of other lines that have captured alleles affecting food intake, coinciding with our subcongenic line. To identify candidate genes that were differentially expressed between homozygous subcongenic B6.CAST-17.1 and B6 mice, in hypothalamus and skeletal muscle, an interval-specific microarray was used.
A number of studies have identified QTLs for physical activity but none have mapped a genetic locus on Chr 17 or identified specific gene(s), with one exception (Furuse et al. 2002) . Notably, a locus designated Locomotor activity 2 (Loco2) was mapped between D17Mit168 and D17Mit166. The Loco2 QTL for increased spontaneous physical activity coincides with our B6.CAST-17.1 region and thus may harbor a gene(s) that is contributing to the observed phenotypes.
The heritability of voluntary wheel running in mice has also been demonstrated by the identification of QTLs. For example, several suggestive QTLs for wheel running were reported in B 9 D recombinant inbred (RI) strains, including one locus on Chr 17 which, according to its reported map position (41.5 cM), falls outside our subcongenic region (Hofstetter et al. 1999) . Evidence for a genetic link between wheel running and other related behaviors is inconclusive and the motivations for wheel running are likely heterogeneous (Sherwin 1998) . Nevertheless, we have shown in the current study that spontaneous physical activity and wheel running are influenced by the animal's genotype, suggesting that both of these behaviors are under genetic control.
The genes that regulate voluntary physical activity are presently unknown. Our microarray analysis has identified 71 genes in the Chr 17 subcongenic interval that were differentially regulated during chow feeding and may be involved in nutrient intake and/or physical activity. Notably, we found a subtle but highly significant increase (10%) in Npw expression in the hypothalamus of B6.CAST-17.1 mice. Preliminary studies in rodents have shown that central nervous system (CNS) administration of NPW can increase or decrease food intake, increase locomotor activity, stimulate prolactin secretion, and promote analgesia (Levine et al. 2005; Shimomura et al. 2002; Singh and Davenport 2006; Tanaka et al. 2003) . Thus, Npw is a promising candidate for the Chr 17 QTL.
The greater than twofold increase in Glo1 expression in the current study replicated our earlier finding of clear transcriptional regulation of Glo1 in the hypothalamus of B6.CAST-17 mice (Kumar and Smith Richards 2008; Kumar et al. 2007a, b) . Glo1 encodes an antioxidant enzyme that detoxifies alpha-ketoaldehydes to prevent the accumulation of pro-oxidative compounds, such as methylglyoxal, that are potentially damaging to the proteome, genome, and lipidome (Thornalley 2008) . Previously, we found that both mRNA expression and protein abundance of glyoxalase 1 were significantly increased in B6.CAST-17 congenic mice; moreover, these mice exhibited higher enzymatic activity compared with controls (Kumar and Smith Richards 2008) . Although the physiological function of Glo1 in the brain is unknown, it has been proposed that neuronal damage by excess methylglyoxal could contribute to increased anxiety (Thornalley 2006) or affect slow-wave (Tafti et al. 2003) . We postulate that induction of this antioxidant defense system protects high-carbohydrateconsuming mouse strains against the potentially damaging effects of dietary oxidants (Kumar and Smith Richards 2008) . Additional studies of the antioxidant response in these mice and functional characterization of this enzyme will determine its involvement in feeding or spontaneous activity. Cyp4f15, a cytochrome P450 gene involved in the metabolism of xenobiotics (Cui et al. 2001) , showed highly significant downregulation in the hypothalamus of B6.CAST-17.1 mice. Cyp4f15 is widely distributed and highly expressed in the brain. The functions of CYP4F enzymes in the brain are in the early stages of investigation; however, their presence there suggests metabolic protection against potential toxicity from compounds that may occur in drugs or foods.
We found a modest (26%) yet significant reduction in hypothalamic phosphodiesterase 9a (Pde9a) expression in B6.CAST-17.1 mice using qPCR. It is worth noting that small changes in gene expression may be biologically relevant, especially when studying the CNS (Chiu et al. 2007; Pavlidis 2003) . The phosphodiesterases (PDEs) comprise a group of enzymes that degrade cyclic adenosine monophosphate (cAMP) and cyclic guanosine monophosphate (cGMP). As such, PDEs participate in the regulation of all cellular functions, depending on the cyclic nucleotides that serve as second messengers, by regulating the localization, duration, and amplitude of cyclic nucleotide signaling within subcellular domains. However, the PDE9 gene family is not well characterized and a possible role of Pde9a as a candidate gene for energy balance phenotypes awaits future functional studies.
Also, hypothalamic Pla2g7 expression was significantly decreased by nearly 40% in B6.CAST-17.1 mice. Pla2g7 encodes platelet-activating factor (PAF) acetylhydrolase, a secreted enzyme that catalyzes the degradation of PAF to inactive products by hydrolysis of the acetyl group at the sn-2 position. The Pla2g7 gene product is a potent pro-and anti-inflammatory molecule implicated in multiple inflammatory disease processes, including cardiovascular disease and resistance to atherosclerosis.
It should be noted that although expression arrays can be used to identify patterns of gene expression within a QTL or subcongenic donor region and lead to the identification of complex trait genes, it is possible that the responsible gene(s) is not expressed differentially. That is, some but not all QTL genes unequivocally identified by positional cloning have shown differential gene expression in key tissues. Alleles also may affect a phenotype through changes in coding sequence, splice variants, or differences in protein expression. Moreover, by selecting only two tissues (hypothalamus and skeletal muscle) for analysis of gene expression, some causal genes may have been overlooked. For example, additional brain regions, e.g., hippocampus and striatum, may provide further information about gene expression profiles predictive of increased physical activity.
Whether the genes discussed here are involved in determining physical activity, carbohydrate intake, or total calorie intake remains to be determined. Functional studies will determine their viability as candidates while finestructure genetic mapping is underway. Although we have reduced the Chr 17 QTL/congenic segment from 60.3 to 40.1 Mb, candidate gene analysis in an interval of this size is considered impractical. Pathways regulating energy intake and physical activity may share common regulatory mechanisms (Sakkou et al. 2007 ). Fine-structure genetic mapping of this locus will reveal whether it is encoded by a single gene determining both food intake and spontaneous physical activity, or by two or more genes, each determining a subphenotype of energy balance.
